Introduction
Mood and anxiety disorders are strongly associated with somatic symptoms such as gastrointestinal distress [1, 2] , and a high co-morbidity exists between stress-related neuropsychiatric symptoms and gastrointestinal disorders such as irritable bowel syndrome [3] [4] [5] ). One possibility is that stress impacts brain function and mental health via its effect on the gastrointestinal tract (for review see [6] [7] [8] ). Given that the available treatment strategies for a variety of stress-related neuropsychiatric disorders are inadequate for many, expanding our knowledge of a broader range of potential etiologic factors might lead to novel, more effective therapeutics [9] [10] [11] .
The mammalian gastrointestinal tract houses over 100 trillion microorganisms [12] , which are critical for vital functions such as processing and digestion of food, synthesis of vitamins, inhibition of pathogens, and immune system development and maturation [13] . Thus, a stable and symbiotic relationship exists between these microorganisms, referred to as gut microbiota, and the host gastrointestinal system [14] . These microbiota are essential to homeostasis, and abrupt dysbiosis or absence of this vibrant community can compromise the physical and mental health of the host [15] [16] [17] [18] . Recently, it has been demonstrated that there is bi-directional communication, referred to as the gut-brain axis, between the central nervous system and the gastrointestinal tract, and altering the gut microbiota during early development or adulthood changes both stress-related behavior and responsivity of the stress axis [19] [20] [21] [22] .
Many neuropsychiatric disorders and symptoms that are associated with gastrointestinal dysfunction are also caused or exacerbated by exposure to stress [23] [24] [25] , and stress has been associated with significant alterations in the gut microbial community in mammals, including humans [26] . These stress-induced alterations are associated with consequences ranging from inflammation to increased anxiety-like behavior ( [27, 30] ). Exposure to social stress, in particular, can cause or exacerbate disabling neuropsychiatric disorders, including depression and PTSD [28, 29] . Relatively little is known, however, about the direct impact of social stress on the gut microbial community and how these microbes, in turn, may affect behavior. Bailey et al. [30] demonstrated that group-housed mice exposed to 6, 2 h bouts of social disruption stress exhibited alterations of the gut microbial community characterized by a reduction in microbial diversity and richness. A similar response was observed in mice that were exposed to a more severe, 10-day social defeat procedure [31] . There is even some evidence that a single, 2 h exposure to a social defeat stressor in mice impacts gut microbiota [32] , suggesting that even acute social stress might have effects on the gut.
The current study utilizes a well-characterized resident-intruder model in Syrian hamsters [33, 34] to investigate whether exposure to social stress affects the commensal gut microbiota and, in particular, https://doi.org/10.1016/j.bbr.2018.02.005 Received 9 October 2017; Received in revised form 4 January 2018; Accepted 5 February 2018 whether it does so differently in individuals that "win" a social conflict (i.e., become dominant) versus those that "lose" (i.e., become subordinate). Syrian hamsters are ideal candidates for the study of social stress because when weight-and age-matched conspecifics are paired, they readily produce aggressive and territorial behavior that rapidly results in the formation of a stable dominance relationship [35] . This allows a direct comparison of commensal bacteria in dominants and subordinates. This comparison is not possible in mice because conspecifics generally do not fight; defeated mice are produced using a larger, more aggressive heterospecific (e.g., C57J/BL6 defeated by a CD-1 mouse). An additional benefit of using hamsters is that their agonistic behavior during brief encounters is highly ritualized and rarely results in any tissue damage, allowing us to focus on the psychological, as opposed to physical, aspects of social stress [36] . Furthermore, no studies have examined whether the baseline composition of the gut microbiota alters behavioral responses to social stress. Thus, we also measured whether the baseline gut microbiota composition can predict whether an animal becomes dominant or subordinate after a subsequent agonistic encounter.
Materials and methods

Animals
Adult male Syrian hamsters (Mesocricetus auratus), weighing between 120 and 130 g, were obtained from Charles River Laboratory (Kingston, NY) at approximately 3 months of age. Hamsters were individually housed in polycarbonate cages (24 × 33 × 20 cm) with corncob bedding, cotton nesting material, and a wire mesh top in a temperature controlled colony room under a 14:10 h light/dark cycle, which is standard to maintain reproductive gonadal status in hamsters. Food and water were available ad libitum. All hamsters were handled daily for 7 days to acclimate them to handling stress before the beginning of the experiment. Individual housing is not stressful for Syrian hamsters [37] , and with the exception of the agonistic pairings described in Section 2.2, hamsters remained separated throughout the experiment. All protocols and procedures were approved by the Georgia State University Institutional Animal Care and Use Committee prior to experimentation, and all methods align with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Behavioral procedures and fecal collection
Two days before testing occurred, hamsters were weighed and randomly assigned to one of three weight-matched treatment groups: Resident (n = 9), Intruder (n = 9), or Home Cage Control (n = 5). Control animals experienced the same treatment and fecal collection protocol throughout the experiment, with the exception that they were never paired with another hamster, to control for all environmental variables experienced by the animals besides social stress. For fecal collection, animals were transferred to a clean cage and fecal samples (approximately 5 fecal boli) were collected from the bedding of each hamster's home cage just before the beginning of the active (dark) phase of the daily light:dark cycle. Collection from the home cage was done to avoid any additional stress to the animals. To help ensure that the samples were fresh, we collected fecal boli that were moist, on top of the bedding, and had no bedding stuck to them. These samples were collected in RNase-free microcentrifuge tubes and were immediately frozen and stored at −80°C until further processing. One day before testing began, all animals were transferred to a clean cage and fecal samples were collected 24 h later. Behavioral testing occurred over the next 5 days. All behavioral manipulations occurred during the first 3 h of the dark phase of the daily light:dark cycle to control for circadian variation in microbiota and behavior and because this is when hamsters exhibit the majority of their agonistic behavior. Each day, all hamsters were moved into the behavioral suite 30 min prior to any manipulation to allow time to acclimate. Trials were run under dim red light and were recorded with a CCD camera for later scoring of behavior by observers blinded to the experimental condition. Home cage controls were not manipulated other than handling, transport to the testing suite, and cage changes. For agonistic encounters, an intruder was placed in the home cage of a resident for 15 min on Day 1 and twice a day for 5 min on Days 2-5, and a clear plastic lid was placed over the resident's cage during each pairing to prevent escape. A dominance hierarchy was rapidly established during the first pairing, resulting in a winner (i.e., a dominant) who reliably attacked and defeated its losing partner (i.e., subordinate); the latter exhibited submissive and defensive behaviors such as upright defense, flee, and tail lift [38] . The scored behaviors were divided into four categories (i.e., social, aggression, submission, and nonsocial), as described in detail in Albers et al. [35] . Hamsters were transferred to a clean cage immediately after each agonistic interaction. Fecal samples were collected 24 h after the first encounter from the animals' cages immediately before the animals were paired again on Day 2. Two additional pairings per day were conducted on Days 2-5, one at the start of the dark phase, as on Day 1, and the second 4 h later. The same resident/intruder pairings were used throughout the experiment. On Day 5, after the final pairing, all hamsters were immediately transferred into clean cages, and fecal samples were again collected 24 h later to assess the effect of repeated agonistic interaction on gut microbiota. All hamsters were carefully observed during each agonistic encounter for coprophagia and for any injury. No coprophagia or tissue damage occurred during these encounters.
Fecal microbiota composition analysis by 16S rRNA gene sequencing
Fecal 16S rRNA gene amplification and sequencing were done using Illumina MiSeq technology following the protocol of the Earth Microbiome Project with their modifications to the MO BIO PowerSoil DNA Isolation Kit procedure for extracting DNA (www. earthmicrobiome.org/emp-standard-protocols), as described previously [39, 40] . In brief, bulk DNA was extracted from frozen feces using a PowerSoil-htp kit from MO BIO Laboratories (Carlsbad, California, USA) with mechanical disruption (bead-beating). The 16S rRNA genes, region V4, were PCR amplified from each sample using a composite forward primer and a reverse primer containing a unique 12-base barcode, designed using the Golay error-correcting scheme, which was used to tag PCR products from respective samples. We used the forward primer 515F 5′-AATGATACGGCGACCACCGAGATCTACACTATGGTA ATTGTGTGCCAGCMGCCGCGGTAA-3′: the italicized sequence is the 5′ Illumina adapter B, the bold sequence is the primer pad, the italicized and bold sequence is the primer linker and the underlined sequence is the conserved bacterial primer 515F. The reverse primer 806R used was 5′-CAAGCAGAAGACGGCATACGAGAT XXXXXXXXXXXX AGTCAGT CAG CC GGACTACHVGGGTWTCTAAT-3′: the italicized sequence is the 3′ reverse complement sequence of Illumina adapter, the 12 X sequence is the golay barcode, the bold sequence is the primer pad, the italicized and bold sequence is the primer linker and the underlined sequence is the conserved bacterial primer 806R. PCR reactions consisted of Hot Master PCR mix (Five Prime), 0.2 μM of each primer, 10-100 ng template, and reaction conditions were 3 min at 95°C, followed by 30 cycles of 45 s at 95°C, 60 s at 50°C, and 90 s at 72°C on a Biorad thermocycler. Two independent PCRs were performed for each sample, then combined and purified with Ampure magnetic purification beads (Agencourt), and products were visualized by gel electrophoresis. Products were then quantified (BIOTEK Fluorescence Spectrophotometer). A master DNA pool was generated from the purified products in equimolar ratios. The pooled products were sequenced using an Illumina MiSeq sequencer (paired-end reads, 2 × 250 bp) at Cornell University, Ithaca.
16S rRNA gene sequence analysis
The sequences were demultiplexed and quality filtered using the Quantitative Insights Into Microbial Ecology (QIIME, version 1.8.0) software package [41] . Forward and reverse Illumina reads were joined using the fastq-join method [42, 43] . We used the QIIME default parameters for quality filtering as described in detail in Caporaso et al. [41] . Sequences were clustered using the UCLUST algorithm with a [44] 97% homology threshold. Clusters were then classified taxonomically using the Greengenes reference database, Version 13.5 [45] . Clusters that did not match any Greengenes Operational taxonomic units (OTUs) were kept. A single representative sequence for each OTU was aligned and a phylogenetic tree was built using FastTree [46] .
The phylogenetic tree described above was used to assess beta and alpha diversity. Beta diversity measures the variation in microbiota composition between individual samples. Alpha diversity measures both the richness and evenness (or distribution) of unique microbial taxa within a sample [47, 48] . Unweighted UniFrac distances between samples were computed, as done previously, to measure beta diversity [49, 50] using rarefied OTU table count. Principal coordinates analysis (PCoA) plots were used to further assess and visualize beta diversity. Groups were compared for distinct clustering using PERMANOVA method using vegan R-package through QIIME. Kruskal-Wallis with Dunn's multiple comparisons test was used to compare the unweighted UniFrac distances within or between groups. The phylogeny-based metric, phylogenetic diversity whole tree (PD whole tree) measurements were determined with QIIME using an OTU table rarefied at various depths and the non phylogeny-based metric, Shannon measurements were determined with QIIME using the alpha_diversity.py command line of the rarefied OTU table count. Area under the curve was calculated for each rarefaction curve and Kruskal-Wallis with Dunn's multiple comparison test was used to determine differences among groups. Due to technical limitations, not all samples could be amplified; therefore, we were unable to run repeated measures for the comparisons. Lastly, LEfSE (Linear Discriminate Analysis Effect Size) was used to investigate bacterial taxa that drive differences between groups by comparing the abundance of specific taxa between each experimental group [51] , and Mann-Whitney U tests were performed where appropriate. All statistics were done in GraphPad Prism software, version 6.01 and IBM SPSS Statistics, version 22. Unprocessed sequencing data are deposited in the European Nucleotide Archive under accession numbers PRJEB25140. Principal coordinate analysis (PCoA) of the unweighted UniFrac distance, illustrating changes in beta diversity, for dominant (A) and subordinate (B) hamsters comparing before social stress (baseline, blue dots), after one (acute pairing, orange dots), and repeated (repeated pairing, red dots) exposure to social stress. P values were determined using PERMANOVA analysis (A-B). No significant change in beta diversity occurred in home cage controls over the three collection time points (data not shown). Rarefied count: 5468 for A, 9288 for B. Panels C and D show the average (means ± SEM) unweighted Unifrac distance for dominant (C) and subordinate (D) hamsters, illustrating that within each social status there was a significant increase in the variation among samples at each time point compared with baseline. P values for C-D were determined using Kruskal-Wallis with Dunn's multiple comparison test. *denotes significantly greater than their respective baseline value (P < 0.05).
Results
Behavioral responses to social stress
Each resident/intruder pair rapidly formed a dominant/subordinate relationship on Day 1, whereon either the resident or the intruder was defeated during the initial encounter. Dominant hamsters produced 211.1 ± 49.2 s of aggression and 1.2 ± 1.1 s of submission while their opponents (subordinates) produced 6.3 ± 3.1 s of aggression and 264.4 ± 49.5 s of submission during the initial 15min pairing. The dominance relationship within each pairing, with the exception of one, remained stable throughout the experiment. The pair in which the dominance hierarchy reversed after the first pairing was removed from the study and was not included in the analyses. While residence often confers dominance in resident-intruder models, pairing weight-matched animals tends to even those odds and has done so in our previous work. Nonetheless, in this study, residents became the dominant animal more frequently (8 of 9 pairings) than expected for these weight-matched animals.
Social stress alters gastrointestinal microbiota composition
Microbiota composition was analyzed by 16S rRNA Illumina sequencing of fecal DNA samples collected before any interaction ("baseline"), after the first ("acute") pairing, and after nine ("repeated") agonistic encounters. Microbiota composition was also analyzed from home cage control animals collected concurrently. 16S rRNA Illumina sequencing revealed that several samples had a low number of sequences and, therefore, were not included in the analyses. This included two samples from each group at baseline sampling, one home cage control at repeated sampling, and one subordinate at the acute sample. PERMANOVA analysis of the unweighted Unifrac distance [50] revealed that after acute and repeated pairing, microbiota composition of both dominant and subordinate hamsters was significantly altered when compared to their respective baseline values (Acute, dominant p = 0.002, subordinate p = 0.004; Repeated, dominant p = 0.001, subordinate p = 0.001) (Fig. 1) . It should be noted that before any social interaction there was no distinct clustering of the samples between home cage control and dominant animals (p = 0.844), between home cage control and subordinate animals (p = 0.781), nor between dominant and subordinate animals (p = 0.695) (Fig. 2A) . Further examination of the unweighted Unifrac distance revealed that, compared with home cage controls, both dominant and subordinate hamsters did not show a significant change in beta diversity after both an acute pairing ( Fig. 2B ; dominant p = 0.911, subordinate p = 0.414) and repeated pairings ( Fig. 2C ; dominant p = 0.321, subordinate p = 0.086) using the PERMANOVA test. This is likely due to the high variability between individuals. Further, Kruskal-Wallis showed no differences in the unweighted Unifrac distance at baseline (Fig. 2D) or after acute pairing (Fig. 2E) ; however, after repeated pairings, there was a significant increase in the unweighted Unifrac distance between subordinate animals when compared with home cage controls ( Fig. 2F ; H (2,74) = 14.44, p < 0.001, Dunn's multiple comparison test, p < 0.05) suggesting an increase in inter individual variation of the microbial composition in animals who lost. No differences in microbiota composition was observed between dominants versus subordinates after acute ( Fig. 2B ; p = 0.413) or repeated stress ( Fig. 2C ; p = 0.820).
The analysis of alpha diversity of the intestinal microbiota, reflecting the bacterial richness and evenness of the community, revealed a significant effect of stress using both phylogeny-based (PD whole tree) and non phylogeny-based (Shannon) measurements. Although home cage control animals demonstrated stable diversity over time ( Fig. 3A ; H(2, 9) = 1.414, p = 0.542; Supplementary Fig. 1 ; H(2,9) = 0.695, p = 0.707), post hoc analysis revealed that repeated stress reduced microbiota diversity in dominant animals compared with their baseline (Fig. 3B; H(2, 22) 
test, p < 0.05); Supplementary Fig. 1 ; H(2, 22) = 5.865, p = 0.053, Dunn's multiple comparisons test, p < 0.05). The apparent reduction in microbiota diversity for subordinates following stress was not significant ( Fig. 3C ; H(2, 21) = 3.517, p = 0.17; Supplementary Fig. 1 ; H (2, 21) = 3.88, p = 0.14). Significance was not reached after an acute interaction ( Fig. 3D; H(2, 19) = 0.120, p = 0.948) when dominant, subordinate, and home cage control groups were compared; however, when these groups were compared following repeated interactions significance was reached ( Fig. 3E; H(2, 19) = 8.117, p = 0.017) with dominant hamsters harboring reduced microbiota diversity following repeated exposure to social stress compared with home cage controls ( Fig. 3E ; Dunn's multiple comparisons test, p < 0.05). Subordinate animals showed a similar pattern when compared to home cage controls, yet this observation was not significant ( Fig. 3E ; Dunn's multiple comparison test, p > 0.05).
LEfSE analysis (Linear Discriminant Analysis (LDA) Effect Size) was then used to find differentially abundant taxa between groups following social interactions, in order to identify which bacterial taxa drove changes in the microbiota community. A LDA threshold of 2 was used to infer significance (LDA > 2, p < 0.05). Bacterial taxa were largely unchanged in home cage controls between the baseline measurement and the subsequent sampling ( Fig. 4A and B) , indicating that the microbiota remained stable in controls over the duration of the experiment. However, within both dominant and subordinate groups, numerous taxa of the intestinal bacterial community were significantly altered compared with their baselines following an acute pairing ( Fig. 4C and E, Supplementary Fig. 2A) , with more changes observed following repeated pairing ( Fig. 4D and F, Supplementary Fig. 2B and C). Further, when comparing home cage controls to dominant and subordinate animals after repeated pairing, significant differences were also observed (Fig. 5A-B, Supplementary Fig. 3 ).
Of note, microbiota from the order Lactobacillales and phyla Firmicutes were found to be significantly decreased, and microbiota from the phyla Bacteroidetes were found to be significantly increased following repeated social interactions in both dominant and subordinate animals ( Fig. 4D and F, Supplementary Fig. 2B and C; LDA > 2, p < 0.05). The significant increase in phyla Bacteroidetes was also observed after the acute social interaction compared with baseline in both dominants and subordinates ( Fig. 4C and E, Supplementary Fig. 2A ; LDA > 2, p < 0.05). Differences between dominant and subordinate animals were also observed. Of particular interest, bacteria from the family Clostridiacea (Fig. 4D, Supplementary Fig. 2B ; LDA > 2, p < 0.05) increased only in dominant animals, and bacteria from phyla Firmicutes (Fig. 4E, Supplementary Fig. 2A ; LDA > 2, p < 0.05) significantly reduced after acute defeat only in subordinate animals.
Baseline microbiota composition can predict the outcome of a social conflict
We next investigated if the abundances of particular microbial taxa at baseline (i.e., before any social interaction) were different in animals that ultimately became dominant versus those that became subordinate. PERMANOVA analysis of the unweighted Unifrac distance revealed that there were no overall differences in microbiota community composition between future dominant or future subordinate hamsters before they were exposed to social conflict ( Fig. 2A ; p = 0.695). However, LEfSE analysis revealed that the abundance of several individual bacterial taxa were significantly different at baseline in future dominant versus future subordinate hamsters (Fig. 6A-F) . Using a more stringent Mann-Whitney U test to compare individual OTUs, we observed significantly more Proteobacteria ( Fig. 6B ; U (12) = 4, p = 0.007) and fewer Firmicutes ( Fig. 6F ; U(12) = 9, p = 0.053) at baseline in future dominant animals compared with future subordinate animals. In addition, at the genus level, more Prevotella ( Fig. 6E ; U(12) = 8, p = 0.038) was associated with future dominant status and more Allobaculum ( Fig. 6C ; U(12) = 6, p = 0.018) with future subordinate status.
Discussion
Using a well-characterized resident-intruder model in Syrian hamsters, we demonstrated that exposure to repeated and even to a single agonistic encounter causes alterations in gut microbiota in hamsters, whether they become dominant or subordinate. To our knowledge, this is the first time that the effects of social conflict on gut microbiota have been examined in hamsters, in animals that become dominant, and after both acute and repeated resident-intruder pairings in age-and weightmatched conspecifics. Intriguingly, we also found that certain microbes significantly differed in abundance between future dominants and subordinates, suggesting the possibility that baseline commensal gut bacteria in these animals could act as a predictor, or biomarker, of which animal would become dominant or subordinate during a subsequent social encounter. This exciting possibility would build on current evidence that gut microbiota can modulate social behavior and should be an area of future investigation.
PERMANOVA analysis revealed a significant shift from baseline values in the overall composition of the gut microbial community in hamsters after both one and repeated (e.g., nine) agonistic encounters. Interestingly, dominant and subordinate animals exhibited a similar increase in the inter individual variation of the microbial community after social conflict indicating that it is conflict, itself, that changes beta diversity independent of the outcome of the encounter; although it should be noted only subordinate animals reached significance when the unifrac distance was compared using Kruskal-Wallis. By contrast, home cage controls that experienced the same handling, transport, and cage changes, but no social interactions, exhibited little alteration in their gut microbes over the course of the study. Because we have previously observed a more pronounced hormonal response to social conflict in subordinates than in dominants [38, 52] , we expected the microbial alterations in subordinate hamsters to be exacerbated compared to that observed in dominants. At this point it is unclear if the observed changes to gut microbiota following social conflict have functional relevance or if the similar patterns of change observed in dominants and subordinates could possibly have different functional consequences for each group.
Shifts in microbial richness and evenness of the intestinal microbiota (i.e., a decrease in alpha diversity) were found in hamsters exposed to both acute and repeated agonistic encounters compared to their respective baseline values and to home cage controls following repeated encounters. Disruption to the richness and evenness of the intestinal microbiota can compromise the gastrointestinal epithelium, and such a compromise can be associated with bacterial translocation and a pro-inflammatory immune response [53, 54] . This phenomenon has been reported in a mouse model of social disruption and has also been linked to pathophysiology underlying major depressive disorder in humans [30, 55] . We did not examine gastrointestinal status or immune responses in the current study, but we suggest that hamsters are ideal for testing these endpoints particularly because social stress can be examined in dominants and subordinates, in both males and females [56] , and in the absence of social stress-induced tissue damage. Removing the confound of injury would thus allow an assessment of changes to the gastrointestinal epithelium and inflammation following exposure to a largely psychological stressor.
LEfSE analysis was used to identify specific microbial taxa driving changes to gut microbiota in dominants and subordinates. One of the taxa driving the altered composition in both dominants and Fig. 2 . Social stress alters intestinal microbiota composition similarly in dominants and subordinates compared to home cage controls. Principal coordinate analysis (PCoA) of the unweighted UniFrac distance at baseline (A), after acute pairing (B) and repeated pairing (C) for home cage control (blue dots), dominant (purple dots) and subordinate (light blue dots) hamsters. P values were determined using PERMANOVA analysis. Rarefied count: 5468 for A, 11,242 for B, 9288 for C. Average (mean ± SEM) of the unweighted Unifrac distance within groups (control, dominant and subordinate) at baseline (D), after acute (E) or repeated pairing (F) illustrating that inter individual variation differed among groups after repeated pairing. P values in D-F were determined using Kruskal-Wallis with Dunn's multiple comparison test. *denotes significantly greater than home cage controls (HCC; P < 0.05).
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Behavioural Brain Research 345 (2018) [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] subordinates following repeated fighting was the order Lactobacillales, which was significantly reduced following stress compared to baseline. One genus of this order, Lactobacillus, is often examined in the literature and a reduction in this genus is observed following an acute and a prolonged social disruption stressor [30, 32] . Although increases in certain members of lactobacilli have been associated with pathology, the majority of these bacteria are thought to be non-pathogenic or beneficial [57] . Bailey et al., [30] , and Jones & Versalovic [58] point out that many members of the genus Lactobacillus prevent the bacterial translocation that can trigger the production of pro-inflammatory cytokines. Certain members of lactobacilli are also thought to impact the behavior of their hosts [6] . Supplementation with probiotic strains of lactobacilli in rodents reduces anxiety-like and depressive-like behavior and suppresses corticosterone release [59, 60] . In humans, probiotics containing strains of lactobacilli reduce symptoms of anxiety in patients diagnosed with chronic fatigue syndrome and alleviate psychological distress in healthy human volunteers [61, 62] . Given these findings, it is possible that the reduction within the order Lactobacillales observed after social stress is anxiogenic and impacts behavioral responses to subsequent stressors; however, this possibility requires further investigations into the particular strains driving the change in this order. In addition to the potential effects discussed above, a reduction in certain strains of lactobacilli can also increase permeability of the gut epithelium to other bacteria, such as genus Clostridium [30] . Clostridium has been shown to increase in abundance following stress and is linked to gastrointestinal disease and inflammation [63] [64] [65] . Clostridium may act by producing propionic acid, which is thought to stimulate anxietylike behavior, to further compromise an adaptive response to future stressors [66] . Interestingly, both dominant hamsters in the current study and mice subjected to a prolonged social disruption stressor [30] exhibit increases in genus Clostridium.
Phyla Firmicutes and Bacteroidetes make up 90% of the bacteria in the gut of humans [12] . Patients diagnosed with major depressive disorder and systemic lupus erythematosus consistently exhibit relatively lower Firmicutes and higher Bacteroidetes than do healthy controls [67, 68] . Interestingly, LEfSe analysis revealed that Firmicutes were significantly lower and Bacteroidetes were significantly higher in both dominants and subordinates after repeated pairings compared to baseline. This finding extends the results of Bailey et al. [30] , who reported modest reductions in Firmicutes and increases in Bacteroidetes in mice following 6, 2hr bouts of social disruption stress. Further, the current study indicates that these shifts in microbial abundance are not specific only to hamsters that are being attacked, but are also observed in individuals on the winning end of a social conflict experience. Of course, we cannot rule out the possibility that the observed changes following social encounters may be due to social contact, itself, and not due to the agonistic behavior. The fact that we observed some differences in taxa changed between dominant and subordinate animals, however, suggests that the outcome of the agonistic encounters has at least some effect on gut microbiota.
The baseline abundance of certain microbial members has been previously associated with physiological and behavioral responses to subsequent stressors [69, 70] . In this study, baseline abundance of some microbial species was differentially enriched in hamsters that would subsequently become dominant or subordinate in a social conflict situation. For example, bacteria of the phylum Proteobacteria and genus Prevotella were significantly higher in hamsters that went on to become dominant compared with future subordinates. Interestingly, Thompson et al. [70] found higher levels of Proteobacteria predicted greater REM sleep recovery following inescapable tail shock. Further, taxa from the 5 . Identification of bacterial taxa altered by repeated social stress compared to home cage controls. LEfSE (LDA Effect Size) was used to investigate bacterial taxa that drive differences between control and dominant hamsters (A) after repeated pairing and between control and subordinate hamsters after repeated pairing (B). Purple, taxa decreased compared to control; blue, taxa increased compared to control. Only taxa meeting an LDA significant threshold > 2.0 are represented. Note: for a list of significantly altered taxa for both panels see Supplemental Fig. 3 . Behavioural Brain Research 345 (2018) [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] genus Prevotella are thought to drive overall composition of the microbial community [71] and reductions in these taxa has been associated with physiological consequences such as irritable bowel syndrome [72] , eczema [73] , and rheumatoid arthritis [74] . Therefore, increased levels of these taxa may be beneficial when presented with different physiological and psychological stressors. In contrast, phylum Firmicutes was significantly higher in hamsters that went on to lose their agonistic encounters compared with those that won. While this post-facto association would require replication to assess the notion that microbiota composition can predict an animal's likelihood of becoming dominant or subordinate following a resident-intruder interaction, it is in accord with recent data suggesting that gut microbiota can influence social behavior [7, 8] . One possible explanation could be that microbiota composition influences, or is influenced by, hormones that control aggressive/subordinate behavior. These possibilities should be pursued in future studies.
In conclusion, this study used a social conflict model in Syrian hamsters to examine the effect of social conflict stress on commensal gut microbiota. We used this model in part because brief exposure to social conflict in this species causes pronounced and well-characterized responses in brain and behavior and because it is also possible to directly compare the responses of weight and age-matched hamsters that become both dominant and subordinate. Here, we demonstrated that 1) one agonistic encounter is sufficient to induce significant changes to gut microbiota, 2) the opportunity to engage in social interaction induces alterations to gut microbiota, although the particular microbial taxa that are altered are not completely overlapping in dominants and subordinates, and 3) certain microbial taxa may predict the outcome of an agonistic encounter. Our study only examined the effect of agonistic encounters after one or nine pairings over the course of 5 days. Further studies should extend this timeline to assess chronic effects of social stress on the microbiome. Although the mechanistic link between gut bacteria and future social rank were not assessed in this study, our findings do raise a number of intriguing questions about how the gut might influence brain and behavior to shape responses to social stress. Future work should investigate the functional consequence of fecal transplant or manipulation of relevant bacteria in animals before exposure to social stress to further elucidate the role of gut microbiota in social conflict-related behavior.
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